Objective: Little is known about the outcomes of aortic root operations that involve inducing hypothermic circulatory arrest for relatively extensive proximal aortic surgery. We attempted to identify predictors of postoperative hospital length of stay (LOS) and factors that affect postoperative recovery.
LOS, but we potentially can have significant influence over the postsurgical LOS in patients who undergo major aortic operations.
Even though the results of aortic root surgery are well documented in large series, [1] [2] [3] [4] [5] [6] [7] [8] [9] LOS data often are not provided. In addition, much less is known about the outcomes of aortic root operations in patients whose proximal ascending aortic disease necessitates the use of hypothermic circulatory arrest during the procedure.
Thus, we analyzed preoperative and intraoperative factors that may affect recovery in patients who had aortic root surgery in combination with a hemiarch or total arch operation under moderate hypothermia, and we sought to identify predictors of postoperative hospital LOS after such procedures. Our purpose was to determine whether there is anything that we as clinical surgeons can do, intraoperatively or postoperatively, to reduce the postoperative LOS in these patients.
MATERIALS AND METHODS
During a recent 8-year period (April 2006-December 2014), 265 consecutive patients underwent aortic root surgery with hypothermic circulatory arrest under moderate hypothermia (20.1 C-28 C). The 247 patients (93.2%) who survived the operation were the focus of our analysis. Approval was obtained from the institutional review board at Baylor College of Medicine, and data were collected from a prospectively maintained database. The median hospital LOS of the cohort was calculated (median LOS ¼ 9 days), and prolonged LOS was defined as LOS>9 days. The preoperative, intraoperative, and postoperative variables used in this study have been defined previously. 10 Antegrade cerebral perfusion (ACP) time was the time for which the patient received ACP. Circulatory arrest time was defined as the total period of circulatory arrest with or without ACP. Myocardial ischemia time was the period from the initiation of circulatory arrest or crossclamp placement until clamp removal, and cardiopulmonary bypass (CPB) time was the period of CPB without circulatory arrest or ACP. Patients received mechanical roots (n ¼ 105) or bioprosthetic roots (n ¼ 92) or underwent aortic valve-sparing root replacement (AVSRR) procedures (n ¼ 50). Patient characteristics and demographics are shown in Table 1 .
Intraoperative Technique and Details Open distal anastomosis. Intraoperative transesophageal echocardiography and near-infrared spectroscopy were used in all patients. All cases required circulatory arrest and were performed under moderate hypothermia (with a target nasopharyngeal temperature of 20.1 C-28 C). All patients except 2 received ACP. In these 2 patients, pure circulatory arrest times were 11 and 6 minutes, respectively. For more complicated distal anastomoses, we used colder temperatures. The mean lowest temperature for the cohort was 23.2 AE 1.82 C standard error. During the cooling period, in cases in which the aorta could be crossclamped (we do not crossclamp the aorta in cases of acute dissection), the proximal aortic root was dissected to the level of the aortic sinuses. We continued with the dissection of the aortic root until the target temperature was reached. Then, low-flow ACP (10-15 mL/kg/min) was initiated, first unilaterally and then bilaterally. The ascending aorta was opened and inspected, the diseased tissue was excised, and a graft was sewn to the distal aorta. Two reconstruction techniques were used for the total arch replacement (TAR): the island patch configuration with implantation of 2 or all 3 head vessels, and the Y-graft aortic arch configuration with a prefabricated or custom-made bifurcated (Y), trifurcated (double-Y), or single graft (Vascutek Terumo, Renfrewshire, Scotland). When the distal anastomosis was complete, CPB was resumed at full flow, and the graft was crossclamped.
Aortic root procedure. After the root was dissected to the level of the sinuses and the ventriculo-aortic junction, the ascending aorta was opened and cardioplegia was administered antegrade, directly into the coronary ostia. Myocardial protection during the entire operation was achieved with retrograde and antegrade cardioplegia. The nasopharyngeal temperature was slowly increased to 28
C to 30 C. The coronary artery origins were mobilized. The aortic cusps were inspected, as were the sinuses. If we considered the valve to be salvageable, we proceeded with AVSRR by the David reimplantation procedure.
We have described our technique of AVSRR previously. 11 In the 50 AVSRRs performed in the current series, we exclusively used the Valsalva nonvalved graft with the prefabricated skirt that mimics the curved sinus segment (Vascutek Terumo). If the valve was not salvageable, then we used a mechanical root (composite St Jude Valsalva-valved graft; Vascutek Terumo) or a bioprosthetic root (mainly the Medtronic Freestyle [Medtronic, Inc, Minneapolis, Minn], although a few patients received a prefabricated bioroot). For the mechanical root, pledgeted sutures were placed in the aortic annulus, and a running 2-0 Prolene suture was used for the placement of the Medtronic Freestyle root. Mobilizing the coronary ostia allowed reimplantation of the coronary arteries in the opening cut in the root graft for the mechanical valved conduit and into the porcine root for the bioroot. Further intraoperative details, intraoperative times, and concomitant procedures are shown in Table 2 .
Follow-up. Among the 247 patients who survived the operation, 206 (83.4%) were discharged home (n ¼ 130 [63.1%] 9 days, n ¼ 76 [36.9%] >9 days). Thirty-three patients (13.4%) went to an extended care facility, and 8 (3.2%) went to a rehabilitation center. Among the 41 patients who were not discharged home, 35 (85.4%) had prolonged LOS (>9 days), and 6 (14.6%) did not (P <.0001).
Statistical Analysis
Our analysis included 20 preoperative variables (serum creatinine level, atrial fibrillation, age, sex, myocardial infarction, hypertension, diabetes, redo sternotomy, previous cardiac surgery, current or past smoking, previous coronary artery bypass grafting, congestive heart failure, renal disease, chronic obstructive pulmonary disease, neurologic deficit, stroke, intubation, coronary artery disease, coronary event, and ejection fraction), 13 intraoperative variables (emergency operation, TAR, frozen elephant trunk procedure, AVSRR, concomitant coronary artery bypass grafting, moderate hypothermia, CPB time, cardiac ischemia time, total circulatory arrest time, ACP, and transfusion of packed red blood cells [PRBC] , fresh-frozen plasma, and platelets), and 10 postoperative variables (atrial fibrillation, ventilator support >48 hours, reoperation for bleeding, wound complications, any renal failure, permanent renal failure necessitating hemodialysis, deep vein thrombosis, myocardial infarction, stroke, and tracheostomy) to determine which factors predicted greater LOS. A stepwise regression analysis model determined which variables predicted continuous LOS, which contained the log transformation to reduce the skewness of the data. Residual analysis performed on the log transformed LOS showed (Table 3 , continuous LOS with log transformation P value). A stepwise nominal logistic regression was used to model the variables that predicted prolonged LOS (>9 days). Before the models were run, multicollinearity was checked with regression analysis. The Hosmer-Lemeshow P value was .59, Cindex ¼ 0.89 (Table 3 , LOS >9 days). Four subgroup analyses were performed. In the first, we excluded all patients who underwent TAR (n ¼ 26). We reran the logistic regression model to determine whether the same risk factors independently predicted greater LOS in this subgroup as in the full cohort. In the second subgroup analysis, we included only the elective cases (n ¼ 206); in the third, we examined only the patients who were discharged home (n ¼ 206); and in the fourth, we excluded all of the redo patients (n ¼ 182).
In addition, because we considered the type of root procedure to be a variable of interest, we attempted to compare the outcomes of AVSRR and non-AVSRR patients. We propensity-matched elective patients from these 2 groups by using a multivariate stepwise logistic regression model in which AVSRR (yes/no) was used as the dependent variable and the other preoperative and intraoperative variables were used as independent variables. The resulting model had a C-index of 0.73. We then used a SAS macro to propensity-match each AVSRR patient to a non-AVSRR patient; however, this matching procedure produced only 46 matched pairs, and we decided that because this sample size would not afford adequate statistical power to detect differences in outcomes, we needed to abort this part of the analysis.
Statistical analyses were performed with SAS version 9.1 (SAS Institute, Inc, Cary, NC). Statistical significance was determined by P <.05.
RESULTS
For the 247 patients included in the analysis, short-term outcomes are shown in Table 4 , and the results of multivariate regression analysis (for continuous LOS) and logistic regression analysis (for LOS >9 days) are shown in Table 3 . The multivariate regression analysis (for continuous LOS) identified the following factors as independent predictors of longer LOS: age (P ¼ .0014), redo sternotomy (P ¼ .0047), preoperative cardiac disease unrelated to aorta (P ¼ .041), intraoperative PRBC transfusion (P ¼ .0007), ventilatory support for more than 48 hours (P < .0001), and postoperative renal insufficiency (P ¼ .0015). In contrast, AVSRR predicted shorter LOS (P ¼ .028). Interestingly, in 3 of the logistic regression analyses of subgroups-the one from which TAR patients were excluded (n ¼ 221), the one for elective cases only (n ¼ 206), and the one for only those patients who were discharged home (n ¼ 206)-produced similar results (Table 5 ). In the fourth subgroup analysis, which included only the non-redo patients (n ¼ 182) (Table 6 ), LOS was strongly associated with age and female sex, and 73% of the women in that group required intraoperative PRBP transfusion. Because prolonged (ie,>48 hours) ventilator support was a significant predictor of prolonged LOS, we tested for factors that might independently predict it. We found 4 such predictors: intraoperative PRBC transfusion (P ¼ .0014), congestive heart failure (P ¼ .0069), TAR (P ¼ .0011), and emergent status (P ¼ .0084).
With regard to the type of root procedure, AVSRR was associated with prolonged LOS in the univariate analysis (P ¼ .017), and it was an independent predictor of shorter LOS in the multivariate regression analysis (P ¼ .028). 
DISCUSSION
The modified Bentall aortic root operation, consisting of composite valved graft placement and coronary button reimplantation, has had superb early results and long-term durability. 12, 13 If there is associated dilation of the ascending aorta, this segment can be replaced concomitantly with the aortic root to prevent future aortic dissection. 12 Few studies in the literature concentrate only on aortic root surgery that requires circulatory arrest. 14 Rather, most reported large series of aortic root procedures consist chiefly of cases performed without circulatory arrest; cases performed with it are in the minority.
2,4,8,9,15
The LOS has been used as a proxy for resource use and as an indicator of hospital performance. The present study focuses on predictors of LOS in consecutive patients who underwent aortic root surgery with circulatory arrest and survived the operation. Our median LOS (9 days) was longer than that reported by Malaisrie and colleagues, 14 whose 177 patients all underwent concomitant aortic root surgery and hemiarch reconstruction and had a median LOS of 6 days. This discrepancy may be attributable to the fact that more than 10% of our patients (26/247) underwent TAR procedures; most of these patients stayed in hospital for longer than 9 days. In addition, TAR independently predicted prolonged pulmonary ventilator support (P ¼ .001), which was the strongest predictor of prolonged LOS.
Age and previous sternotomy were found to be associated with longer LOS in our study, both among all patients and in the subgroup analysis of the non-TAR patients. Among the elective patients and those who were discharged home, redo sternotomy remained an independent predictor of prolonged LOS, but age did not. In our cohort, the majority of the patients aged !70 years had prolonged LOS. Gaudino and colleagues, 15 in a cohort of 890 consecutive patients who underwent aortic root surgery (154 [17.3%] with circulatory arrest) during a 17-year period, did not model LOS but nonetheless showed that age and 17 Among these cases, age>70 years and reoperation status were associated with adverse outcome. LOS was not modeled in this analysis. In another report, redo sternotomy was associated with the same LOS as first-time sternotomy. 18 Blood transfusion has been associated with postoperative morbidity not only in routine cardiac surgical procedures but also in complex aortic surgery. [19] [20] [21] In the present study, we showed that among all survivors, intraoperative PRBC transfusion was associated with prolonged pulmonary support, which had the most impact on patients' risk of prolonged LOS. In addition, intraoperative PRBC administration was directly and independently associated with increased LOS, which other studies have not found. 19, 21 Yaffee and colleagues, 21 in their study of 132 patients who underwent complex aortic surgery (the number of patients in whom circulatory arrest was used is not mentioned in their report) for treatment of aneurysm or dissection, associated the use of a blood-conservation strategy with longer hospital stays (10.8 AE 9.6 days) than standard treatment (7.9 AE 4.9 days, P ¼ .04). However, when the authors stratified the patients by surgical acuity and disease type, blood conservation was not associated with LOS. Chu and colleagues, 19 in analyzing data from 189 patients who underwent aortic root and ascending aortic operations during a period of 5 years (again, the number of patients in whom circulatory arrest was used is not reported), found that blood conservation had no effect on LOS despite the diminished perioperative morbidity seen in the blood conservation strategy group.
With regard to the present study, one could argue that because the patients undergoing TAR received more PRBC transfusions than the hemiarch patients (as expected), and because most of the patients who underwent TAR stayed in the hospital for more than 9 days (the median for the entire cohort), the relationship between PRBC transfusion and LOS might be mediated entirely by TAR. However, in our subgroup analysis from which we excluded the patients undergoing TAR (n ¼ 26), PRBC transfusion continued to be independently associated with prolonged LOS, as well as ventilatory support exceeding 48 hours. Likewise, in our subgroup analyses of the elective cases only (n ¼ 206) and of the cases in which the patients were discharged home (n ¼ 206), intraoperative PRBC transfusion was still associated with prolonged LOS. In addition, in our subgroup analysis of non-redo procedures, female sex was independently associated with prolonged LOS, whereas intraoperative PRBC transfusion was not. However, 73% of the female patients required intraoperative PRBC transfusion, suggesting a strong interaction between sex and PRBC in the non-redo subgroup.
Valve-sparing root surgery, pioneered by Tirone David, 22 has shown excellent results when performed by experienced surgical groups. 1, 4, 8, 11, 22 When feasible, it is considered a favorable alternative to valve replacement. 16 Judicious expansion of the indications for aortic valve-sparing procedures is recommended by others. 22 In our study, we found that AVSRR was associated with shorter LOS in the univariate analysis and that it was an independent predictor of shorter LOS in the full cohort. Because of the relatively small number of AVSRR and non-AVSRR patients who could be matched by propensity score, data from the matched patients were not analyzed.
This result agrees with others' findings. 8 The shorter LOS of the AVSRR patients versus the non-AVSRR patients (ie, mechanical and bioprosthetic valve recipients) is not a total surprise, because AVSRR procedures are performed in stable, elective patients with fewer comorbidities than root-replacement patients have. Often, AVSRR patients are relatively young people with connective tissue disorders. Administering warfarin during the postoperative period appears to lengthen the postoperative LOS for patients with a mechanical root. In addition, although these data do not specifically capture hemodynamics and valve gradients, we strongly believe that the aortic valvesparing operation is superior to the Bentall procedure on both counts and that the valve-sparing approach favorably influences early recovery. Svensson and colleagues 8 reported that, among 957 patients who underwent nonemergency root procedures during a 16-year period, 234 patients underwent circulatory arrest for arch surgery. Circulatory arrest was used less often in patients with valve-preserving root surgery. Although this report concentrates on survival and long-term durability for all 957 patients with root and concomitant ascending aortic surgery and not specifically on the patients with circulatory arrest, the authors found that patients with valve-preserving root surgery had shorter hospital stays than the patients who received allografts, bioroots, or mechanical roots.
In addition, our study suggests that previous or current smoking is associated with prolonged LOS. When we stratified patients into those with chronic obstructive pulmonary disease versus those without it, the patients with chronic obstructive pulmonary disease stayed in the hospital longer postoperatively (median LOS 10 days, interquartile range 8-21 vs median LOS 9, interquartile range 7-14; P <.0001).
The main limitation of our study is its retrospective design, the inherent limitations of which make it difficult to accurately quantify the influence of various factors on prolonged LOS after surgery. In addition, blood product use is a complex parameter and was not recorded during the postoperative period. Preoperative hemoglobin levels were not recorded, either. Nevertheless, to our knowledge, this is one of the few studies, if not the only study, to focus on postoperative LOS in patients who require circulatory arrest for extensive ascending aortopathy and undergo aortic root surgery. Although we did not deal specifically absolute cost per se, we recognize that a reduction of postoperative LOS clearly represents a cost savings. Cost savings are variable, and marked differences are to be expected between private and academically affiliated hospitals, among regions of the United States, and certainly among international institutions. Regardless, a reduction of LOS represents a cost savings.
Prolonged LOS could have several interacting components. Developing interventions to reduce postoperative LOS and validating measures of recovery are imperative. Our findings suggest that age, previous or current smoking, redo sternotomy, intraoperative PRBC transfusion, and prolonged ventilator support affect recovery and lead to prolonged LOS, whereas AVSRR, when feasible, may reduce LOS. Although there is nothing to be done about patient age, previous smoking, or previous sternotomy, recovery in these complex cases could be improved through efforts to reduce rates of prolonged ventilator support, raise public awareness about smoking, train cardiac surgeons in AVSRR, and use blood-conservation strategies when appropriate. The significant predictors, by multivariate analysis when stratified by LOS, were age, re-do sternotomy, smoking history, intraoperative red cell transfusion, and ventilatory support for more than 24 hours. These variables also predicted prolonged LOS in several subgroup analyses, including the subgroup that excluded patients who underwent TAR. In the analysis that used LOS as a continuous variable, however, several other variables significantly affecting LOS were identified and included TAR, reoperation for bleeding, transfusion of fresh-frozen plasma, and need for tracheostomy.
Webcast
Dr Preventza, you suggest that recovery, LOS, and cost could be improved by reducing the duration of ventilatory support, use of blood-conservation strategies, raising public awareness of smoking, and training cardiac surgeons in valve-sparing techniques. Have you, as a result of your study, implemented protocols to promote early extubation and blood conservation or to reduce the frequency of reoperations for bleeding, and if so, have you noted any improvements? Dr Preventza. Thank you, Dr Kouchoukos. First of all, the limitation of our study is the fact that it is a retrospective study and has an inherent bias. Nevertheless, the main reason why we performed the study was to see as clinicians and as cardiac surgeons what we can do differentlyintraoperatively, preoperatively, or postoperatively-to help the patients who had an aortic root repair or replacement in conjunction with circulatory arrest to reduce LOS. Of course, blood-conservation strategies have been shown for coronary artery bypass that have improved outcomes. We are in the process right now (with anesthesia colleagues, the blood bank, and perfusionists) of forming a multidisciplinary team to determine trigger factors for transfusions and to identify other strategies that we can use to reduce blood transfusions.
What we have seen (but haven't studied enough yet) has to do with the use of autologous blood transfusions. The anesthesia colleagues take autologous blood before sternotomy, and we transfuse this blood postoperatively after the protamine and the cell saver. We have noticed that these patients are receiving fewer blood transfusions. We are in the process of trying to implement this strategy in some protocols.
Dr Kouchoukos. You suggest that training surgeons to do more valve-sparing operations might improve outcomes. There are several large studies of root replacement from Cleveland and also from New York that have shown greater rates of reoperation after valve-sparing procedures in comparison to root replacement. Do you believe this is a viable strategy?
Dr Preventza. We strongly believe that is a viable strategy. Dr Svensson and colleagues from the Cleveland Clinic already have shown that the valve-sparing operation is associated with a decreased LOS, and we believe that this is a good operation. It is an operation that the young surgeon should be trained to do and also should be reproducible. The whole idea is to help the patients and train younger surgeons.
Dr Kouchoukos. Finally, the median circulatory arrest time was 19 minutes, and this included the 26 patients who had TAR, and this was by far a very small minority. Have you considered using simple hypothermic circulatory arrest with moderate hypothermia rather than ACP for those patients who require only hemiarch replacement, which, as mentioned, were the overwhelming majority? This could conceivably simplify the procedure and possibly reduce the prevalence of some of the variables that you identified as contributing to increased morbidity, cost and LOS. Dr Preventza. That is an excellent question. It is our strategy to use ACP and proceed with the repair under moderate hypothermia to protect the brain. Your recommendation could also be valuable and well taken.
Dr Kouchoukos. Thank you. Dr S. LeMaire (Houston, Tex). Could you comment on the strategy for myocardial protection during these operations, which often have substantial myocardial ischemic times? Is there anything special about the strategy for protecting the heart? Dr Preventza. Our strategy is to use antegrade and retrograde cardioplegia for myocardial protection.
